The involvement of epigenetic processes in the origin and progression of cancer is now widely appreciated. Consequently, targeting the enzymatic machinery that controls the epigenetic regulation of the genome has emerged as an attractive new strategy for therapeutic intervention. The development of epigenetic drugs requires a detailed knowledge of the processes that govern chromatin regulation. Over the recent years, mass spectrometry (MS) has become an indispensable tool in epigenetics research. In this review, we will give an overview of the applications of MS-based proteomics in studying various aspects of chromatin biology. We will focus on the use of MS in the discovery and mapping of histone modifications and how novel proteomic approaches are being utilized to identify and study chromatin-associated proteins and multi-subunit complexes. Finally, we will discuss the application of proteomic methods in the diagnosis and prognosis of cancer based on epigenetic biomarkers and comment on their future impact on cancer epigenetics.
INTRODUCTION
During the development of a multicellular organism, a single cell gives rise to a multitude of differentiated cell types that ultimately form the various tissues and organs of the body. The changes that occur during these cellular differentiation processes are 'epigenetic' as the characteristic phenotype of each cell type is brought about without changing the genomic DNA sequence [1] . Instead, the expression of genes encoded in the DNA is regulated by the activity of the underlying chromatin, which is the macro-molecular nucleoprotein complex that governs the structural organization of the genetic material in eukaryotic cells. The basic unit of chromatin is the nucleosome, which consists of 147 bp of DNA wrapped around an octamer made up of two copies of each of the core histones H2A, H2B, H3 and H4 [2] . Nucleosomes are folded into higher order structures by additional proteins, including the linker histone H1, to form chromatin and ultimately the chromosomes. Both DNA and histone proteins carry chemical modifications-DNA is predominantly methylated at cytosines in CpG dinucleotides and histones are subject to a number of post-translational modifications of specific amino acids such as acetylation, methylation, phosphorylation and ubiquitylation-and it has become apparent that these modifications play a major role in regulating the functional state of chromatin [3, 4] . In their entirety, the DNA and histone modifications form the 'epigenome' which shapes the flow of information from the genome and defines the identity of a cell.
As chromatin constitutes the primary form of DNA in the nucleus, chromatin modifications influence all DNA-associated processes, such as transcription, replication and DNA repair. These functions are intimately linked to the faithful interpretation and inheritance of the genetic material and are central to inducing and maintaining cell fate decisions. Aberrant epigenetic regulation can, therefore, potentially lead to the accumulation of genetic lesions and the loss of cell identity-events that are associated with the development of cancer. Indeed, abnormal chromatin modification patterns and alterations in the epigenetic machinery are observed in many cancers and these changes are often already apparent in early stage and benign tumors [5] . Therefore, they may precede and thereby facilitate the more severe events associated with malignant transformation, such as mutations in tumor suppressors, activation of proto-oncogenes or genomic instability. The inherent reversibility of epigenetic lesions, unlike genetic mutations, has sparked significant efforts in developing small-molecule inhibitors that target epigenetic processes [6] .
The development of these 'epigenetic therapies' requires detailed knowledge of the molecular interactions governing chromatin regulation. Nextgeneration sequencing has enabled the comprehensive genomic mapping of nucleosome positions, higher order chromatin structures, DNA and histone modifications and chromatin-bound factors and is starting to explain various aspects of how the epigenome shapes the expression of the genetic information [7, 8] . But more mechanistic insight is still needed in order to understand how epigenetic modifications effect their biological functions. Mass-spectrometric and proteomic methods are having an increasing impact on epigenetics research. In this review, we will discuss the recent developments and applications of these methods in investigating chromatin biology. Several excellent articles reviewing cancer epigenetics [9, 10] , the prospects for epigenetic therapies [6, 11] and the use of proteomic methods in chromatin biology [12] [13] [14] have been published recently. We will therefore try to provide an overview over the recent applications of proteomics in epigenetics research with a view to its application in cancer epigenetics and we refer the reader to these reviews for more detailed information.
TECHNOLOGICAL ADVANCEMENTS IN MS-BASED PROTEOMICS FOR EPIGENETIC RESEARCH
Mass spectrometry (MS) has proven to be an indispensable and unbiased tool for the identification and quantification of post-translational modifications (PTMs) on proteins. In this section, we review the ways in which MS has shaped the field of epigenetics by providing a versatile method for the discovery and systematic quantitation of chromatin modifications.
MS for interrogating histone modifications
Histones have been notoriously difficult to analyze using conventional proteomics workflows (Figure 1 ), due to their very basic composition and high frequency and heterogeneity of PTMs. In the collision-induced dissociation (CID) fragmentation of peptides, the occurrence of basic residues (such as lysine, arginine and histidine) tends to inhibit migration of the mobile protein along the protein backbone, resulting in partial and incomplete fragmentation and thus limiting the ability of this technique to localize the sites of PTM. Considering the first 40 residues on the N-terminal tail of histones H2A, H2B, H3 and H4, the composition of basic residues is 30, 38, 38 and 38%, respectively. Furthermore, the majority of these lysine and arginine residues are potential sites of PTM. Although trypsin robustly cleaves the C-terminus of lysine and arginine residues, it is blocked by PTMs such as methylation and acetylation, which are commonly found on histones. Thus, a standard tryptic digestion of differentially modified histones results in overlapping and non-reproducible peptides, which renders analyses such as label-free quantitation extraordinarily difficult. As a result, innovative methods have been and are continuing to be developed for robust analysis of histone PTMs using MS.
Quantitation of histone modifications
Several alternative strategies to conventional tryptic digestion have been proposed in an attempt to overcome the issues associated with generating reproducible histone sequences. Some studies have utilized enzymes with higher specificity, such as Arg-C, which in theory produces only peptides with C-terminal arginines. This approach has successfully been applied in the study of histone H3 variants in Drosophila, where it was found that histone H3.3 possesses marks associated with euchromatin [15] and in the profiling of PTMs on H3.1 and H3.3 during chromatin assembly [16] , where specific methylation states of HK9 were discovered to exist on non-nucleosomal variants. Although this approach potentially resolves many of the analytical issues associated with tryptic digests, Arg-C has been reported to be less efficient and specific than trypsin and requires significant protocol optimization for obtaining reproducible digests.
In the spirit of this approach, several chemical derivatization techniques have been developed to create Arg-C-like digests using trypsin. Anhydrides are the most common reagents utilized, as they efficiently react with primary or secondary amines (i.e. unmodified or monomethylated lysine residues) to donate an acyl functional group to the "-amino group on the lysine side chain. As a result, tryptic activity is blocked at all lysine residues on the histones. The use of deuterated acetic anhydride was the first of such approaches, where it was used over a decade ago in the study of mutant yeast cells [17] . Although a deuterated acetyl group is transferred to the lysine side chains, the corresponding mass shift still results in ambiguity with endogenous acetylation or trimethylation PTMs, which have the same nominal mass of 42 Da. To circumvent this issue, propionic anhydride was used in investigating the effect of G9a and Suv39H knock downs on H3K9-methylation [18] . In contrast to acetic anhydride, which donates an acetyl group to unmodified and monomethylated lysines (C2H2O), propionic anhydride donates a propionyl group (C3H4O), so the mass shift is distinguishable from endogenous acetylation PTMs. Around the same time, a combination of deuterated acetic and propionic anhydride was utilized in the study of drosophila embryos [19] , where an inverse relationship between H3K27 or H3K36 hypermethylation was observed on the same peptide, suggesting an exclusive relationship between full occupancy of these repressive and active signals, respectively. The protocol for histone derivatization by propionylation has since been optimized for routine use [20] and extended to include the possibility of incorporating isotopically labeled anhydrides to compare changes in histone marks between different samples in the same LC-MS/MS experiment [21] . This propionylation technique has recently been successfully applied in several studies, such as elucidating the role of macroH2A in melanoma [22] , characterizing the effect of deleting the HAT and nucleosome assembly factor necessary for K56ac on other histone modifications in Saccharomycescerevisiae [23] , determining the nucleosomal symmetry of methylation patterns [24] , evaluating the specificity of commonly used chromatin immunoprecipitation-grade antibodies [25] , identifying novel histone PTMs [26] and mapping the histone code 'read' by ). The masses of the precursor ions and fragments are used in database searches in order to identify peptide sequences and PTMs that can be assigned to proteins.
bromodomain-containing proteins and HP1 [27] . Although clearly a powerful and versatile technique, anhydride esterification of histones is sensitive to water content, thus requiring several drying steps, which can potentially lead to sample loss.
Another important approach for peptide quantitation is 'stable isotope labeling by amino acids in cell culture' (SILAC), which facilitates the incorporation of non-radioactive, isotopically labeled amino acids into cultured cells [28] . Standard SILAC experiments involving the incorporation of 'heavy' arginine or lysine amino acids have been successfully used for studying histone PTM dynamics across the cell cycle [29, 30] , turnover rates of histone marks [31] and nucleosomal partitioning of histones during DNA replication [32] . SILAC has also found an application in probing the dynamics of methylation PTMs [33] , in which 13 CD 3 -methionine is introduced into methionine-depleted cell culture media and is metabolically converted into S-adenosyl methionine with a heavy methyl donor group. This technique has been successfully applied to investigate the dynamics of histone methylation within synchronized cell populations [34] . Recent studies have combined the traditional SILAC with this heavy methyl labeling to examine the dynamics of H3K79me throughout the cell cycle [35] and the rates of transition between the different H3K27K36 methylation states [36] .
Discovery of novel histone PTMs
In recent years, MS has revealed the existence of several previously unknown histone PTMs. Since 2007 alone, MS has been used to discover novel sites of phosphorylation involved in apoptosis [37] , introduced O-GlyNAc as a new histone PTM [38] and revealed a whole arsenal of novel lysine modifications, including propionylation [39, 40] , butyrylation [39, 40] , formylation [41] , succinylation [42] , malonylation [42] and crotonylation [26] . The identification of many of these novel histone PTMs has been largely facilitated by recent developments in software that deviate from the conventional approach for unmodified peptide identification based on restricted database searches. For instance, PTMap [43] utilizes sequence alignment to localize sites of PTMs on target proteins while substantially reducing false-positive identifications based on unmatched peaks. While innovative approaches such as these continue to discover novel histone modifications, localization of PTMs on histones remains a challenging bioinformatics problem due to nearly isobaric modifications (e.g. acetylation or trimethylation), isobaric and co-eluting peptides (resulting in mixed tandem mass spectra) [44] and the dynamic range over which these modified forms exist (i.e. low abundance forms often give rise to poor MS/MS fragmentation). The functional implications of many of these modifications are yet to be determined, but these findings highlight the importance of MS in discovering novel marks that may potentially expand the basic set of the 'combinatorial histone code' and possess important regulatory roles in diseases such as cancer.
LC^MS/MS approaches for combinatorial histone codes
It is well established that there exists a certain degree of cis-and trans-cross-talk between different sites and types of histone modifications across their N-terminal tails. The methods described in the previous sections based on chemical derivatization and tryptic digestion produce some peptides with multiple potentially modified residues (e.g. H3K9S10K14, H3K27K36), but they abolish long-distance connectivity between modified sites on the same protein (e.g. between H3K4 and H3K27). Thus, to interrogate truly combinatorial histone modifications, one must either analyze intact histones (i.e. top down) or utilize enzymes that produce longer polypeptides (i.e. middle down) containing the modifications of interest, or the N-terminal tails in the case of histones. For instance, the intact N-terminal tails can be generated for middle down analysis by digesting histone H3 with Glu-C to yield the 1-50 N-terminal tail and histone H4 with Asp-N to yield the 1-23 N-terminal tail.
One important advantage to the unusually basic composition of histone N-terminal tails is that they are amenable to fragmentation by electron capture dissociation (ECD) and electron transfer dissociation (ETD). Although the actual mechanisms of dissociation are still not completely understood, ECD and ETD involve the transfer of an unpaired low-energy electron to the peptide for fragmentation and, in contrast to CID, are particularly efficient in the presence of several basic residues. Indeed, studies based on fragmenting the intact N-terminal tails using ECD have been around since 2004 for histone H4 [45] and 2006 for histone H3 [46] . In these early studies, it was demonstrated that off-line chromatography, such as acid-urea cation exchange, could be used to separate histones based upon their degree of acetylation [46] . However, the majority of approaches relied upon standard reversed-phase separation, which results in poor chromatographic resolution between modified forms of the same peptide sequence. As a result, tandem mass spectra are substantially 'mixed' in that they contain fragment ions from many isobaric histone isoforms (i.e. modified histone forms with nearly the same number and type of modifications, but distributed to different residues), and it is not possible to confidently identify which concurrent modifications are on the same histone polypeptide.
It was demonstrated in 2004 that off-line fractionation using cation exchange hydrophilic interaction chromatography (HILIC) could be used to substantially reduce the number of modified histone forms present in each 'mixed' tandem mass spectrum [47] . This study identified over 150 modified histone H3.3 forms from 30 cation exchange HILIC fractions and elucidated a partial acetyl ordering on histone H3. However, the off-line nature of the fractionation significantly prohibits throughput of this approach, as desalting of each fraction is required prior to analysis. In 2009, a weak cation-exchange hydrophilic interaction chromatography (WCX-HILIC) was presented that enabled the first 'on-line' separation and tandem MS acquisition of modified histone isoforms, resulting in the identification and quantitation of several hundred histone H3 modified forms in a single experiment [48] . This approach was extended in 2012 to facilitate the top down analysis of histone H3 [49] .
Indeed, these multimodal chromatographic techniques that can resolve hypermodified isoforms of the same protein sequence have advanced our ability to characterize combinatorial histone modifications by MS. Another exciting technology that has only recently been adapted for MS is ion mobility spectrometry (IMS), which has the capacity to further separate analytes based on their gas-phase conformations. In traditional 'drift-time' IMS, the ions travel through a buffer gas in a low electric field, resulting in a diffusion-dominant process that separates ions primarily by their collision cross-section, thus providing an orthogonal degree of selectivity to conventional liquid chromatography mass spectrometry (LC-MS) approaches. Several methods for IMS currently exist (for a review see [50] ). For instance, differential or field asymmetric waveform IMS separates ions based upon their difference in mobility within a high and low electric field. This technique has recently been demonstrated on modified histone isoforms [51, 52] and can resolve histone H4 acetylation states that are chromatographically similar.
IDENTIFICATION OF PTMS ON CHROMATIN-ASSOCIATED PROTEINS
Several proteins involved in the establishment and maintenance of heterochromatin have been found to be post-translationally modified. For instance, heterochromatin protein 1 has been shown to be hyperphosphorylated [53] , where N-terminal phosphorylation promotes chromatin binding [54] and is linked to gene silencing at heterochromatin in other studies [55] . High mobility group proteins have also been shown to possess many PTMs by MS through a combination of bottom up and top down approaches [56] . Several polycomb group proteins have been implicated to be regulated through PTMs [57] . For example, it has been shown that phosphorylation of Ezh2 represses its catalytic activity [58] and enhances its binding to non-coding RNA in a cellcycle-dependent manner [59] .
Regulators of histone acetylation have also been observed to be post-translationally modified. A 2008 study identified 13 phosphorylation sites on the N-and C-terminus of SIRT1, a histone deacetylase (HDAC), using an MS-based approach [60] . A recent review of the PTMs currently known for the sirtuin (SIRT) family of proteins is provided in [61] . Another study in 2011 was also able to identify novel sites of phosphorylation on the CREB-binding protein (CBP) [62] , a histone acetyltransferase. Through various other studies, it has been shown that CBP is subject to a range of PTMs, including acetylation, phosphorylation, ubiquitylation and SUMOylation, which regulate its functional interactions, activity and stability [63] .
Finally, MS has identified novel PTMs on several proteins involved in ATP-dependent chromatin remodeling. For instance, global phosphoproteomics has revealed novel phosphorylation sites on a number of chromatin remodeling proteins, including hBRM, BRG-1 and SMARCC1 [64] . More targeted MS studies have also identified acetylation on imitation SWI (ISWI) by GCN5 [65] .
TECHNOLOGICAL INNOVATION IS THE DRIVER FOR MS-BASED HISTONE PTM ANALYSIS
As detailed in the aforementioned sections, the advancements in our capacity to routinely measure histone PTMs using MS have been largely driven by technological developments. In summary, the major areas that have and will continue to contribute to and shape the future directions of this field are:
(i) Mass spectrometry: mass resolution and sensitivity play an important role in histone PTM analysis. As previously mentioned, acetylation and trimethylation PTMs have very similar masses (42.0106 and 42.0469, respectively) and cannot be distinguished on a low-resolution instrument, such as an ion trap mass spectrometer. About 10 years ago, only few instruments possessed the resolving power to differentiate these two modifications (i.e. fourier transform ion cyclotron resonance (FT-ICR) and quadrupole time-of-flight (Q-TOF) instruments), albeit at the cost of slower scan rates and lower sensitivity. Recent advancements in hybrid mass analyzers (e.g. the Orbitrap Velos) have produced instruments with combined superior scan speed, dynamic range and mass resolution. Continued improvements in these instrument features will further enable mass spectrometry to quantitate histone PTMs across large dynamic ranges in a truly unbiased manner.
(ii) Separation of histone PTMs: an orthogonal yet complementary area to the ongoing enhancements in MS technology is the development of methods that reduce sample complexity on the front end of the mass spectrometer. By reducing the heterogeneity of the population of ions in a given MS scan, one can potentially increase the sensitivity and resolution with which the ion peaks are measured. Thus, recent advancements in chromatography technology (e.g. ultra performance liquid chromatography (UPLC)) and methods (e.g. WCX-HILIC) have directly improved the overall quality of MS data without modifications to the mass analyzer. The generation of higher quality LC-MS data in turn improves the accuracy of subsequent analysis.
(iii) Bioinformatics: the comprehensive characterization of histone PTMs from MS data remains a difficult challenge to date. As was briefly mentioned, specific issues arise from nearly isobaric modifications (acetylation or trimethylation), mixed tandem mass spectra resulting from isobaric and co-eluting forms and missing or poorly fragmented tandem mass spectra due to low abundance modifications. Further developments in software, such as alignment-based methods [43] and incorporation of retention time information into the identifications [44] , will further improve the coverage and quality of the readouts provided by these LC-MS platforms for histone PTM analysis.
IDENTIFICATION OF CHROMATIN-ASSOCIATED PROTEINS USING PROTEOMIC METHODS Global identification of chromatin constituents
In addition to identifying the nature and location of PTMs on histones and other known chromatinassociated proteins, mass spectrometric approaches have been used to identify novel proteins that make up chromatin (Figure 2) . The first quantitative analysis of chromatin-bound factors using proteomic approaches was reported in 2003 [66] . For this study, chromatin-enriched fractions were prepared from c-Myc-expressing and non-expressing human B lymphocytes. The isolated proteins were labeled with isotope coded affinity tags (ICAT) [67] and analyzed by MS. This lead to the identification and quantification of 282 differentially expressed proteins, notably mostly transcription factors and chromatin regulators. More recently, SILAC-based quantitative proteomics methods have been used to investigate global changes in chromatin composition after the induction of DNA damage [68, 69] or during DNA replication [70] . In all cases the quantitative filter achieved by combining metabolic labeling with differential treatments of cells allows the identification of changes in protein composition over a background of hundreds of proteins. As demonstrated by a study in 2011, chromatin fractions can also be subjected to limited nuclease digestion and MS analysis, exploiting the higher accessibility of euchromatin over more densely packed heterochromatin, in order to identify proteins associated with these two functional chromatin states [71] .
In addition to analyzing the protein content of chromatin-enriched fractions, the composition of mitotic chromosomes has been investigated extensively. As mitotic chromosomes are highly condensed structures, they can be biochemically isolated from mitotically arrested cells by sequential centrifugation through sucrose and Percoll gradients [72] . Several studies have reported proteomic analyses of mitotic chromosomes in recent years [73] [74] [75] , with the most comprehensive characterization so far being performed in 2010 [76] . This study identified 4029 proteins, and the problem of the false-positive identification of 'hitchhikers'-cytosolic proteins that bind to the charged chromosomes after nuclear envelope breakdown-was overcome by a combination of biochemical purifications with quantitative proteomics and, crucially, sophisticated computational data analyses.
Locus-specific chromatin-interacting proteins
Due to the preparation methods for isolating chromatin fractions and mitotic chromosomes, the aforementioned approaches cannot resolve the exact genomic location of the chromatin-associated factors and are limited to strongly bound proteins. In 2009, this problem was addressed by the development of the proteomics of isolated chromatin segments (PICh) protocol that allows the identification of proteins that are bound to a specific genomic region [77] . The PICh approach entails the hybridization of a locked nucleic acid probe to a complementary genomic sequence and identifying cross-liked and captured proteins by MS. This approach identified many known and novel telomeric proteins, but so far it was only successful on repetitive genomic DNA sequences and with very large cell numbers as starting material. In yeast the copy number problem can be overcome by using multicopy centromere plasmids [78] . The inclusion of tandem repeats of the lactose operator allows the affinity purification of the plasmids via immobilized lac repressors. This system has been used in combination with proteomic techniques to study the composition of kinetochores [79] and the dynamic changes in histone modifications at origins of replication [80] . In 2012, a chromatin affinity purification with mass spectrometry (ChAP-MS) approach was described that utilized a single genomic LexA DNAbinding site and allowed the affinity purification of a small chromatin segment via a LexA 'affinity handle' [81] . This system was coupled with SILAC-based proteomics in order to track changes in protein composition at the GAL1 locus upon induction of the gene by galactose. Several transcription-related factors and histone codes were identified.
IDENTIFICATION OF EPIGENETIC READERS
According to the histone code hypothesis [82, 83] , histone modifications form binding sites for the recruitment of epigenetic reader proteins that contain Figure 2 : Strategies for the enrichment of chromatin-bound proteins. Chromatin-bound proteins can be isolated by purifying whole chromosomes, preparing chromatin-enriched fractions or by immuno-affinity purifying specific target proteins using antibodies against DNA-or histone-binding proteins, histone variants or histone PTMs. Specific DNA domains can be isolated via hybridization with specific DNA probes.
domains that can recognize and bind specific modifications. The identification of modification-binding proteins has been a major focus in chromatin biology in recent years.
Peptide affinity purifications
Most histone modifications are found within the N-terminal histone tails which protrude from the nucleosomes and are thought to be flexible and unstructured. Early studies were based upon the assumption that isolated peptides are a good approximation of histone tails. The first efforts to identify histone modification-binding proteins made use of synthetic peptides resembling the N-terminal tail of histone H3 carrying trimethylated lysines at various positions. In these experiments, immobilized peptides were incubated with nuclear extracts. Bound proteins were eluted, resolved on an SDS-PAGE gel and proteins within visibly stained gel bands were excised and identified by MS. Using this approach, it was shown that the NuRD complex associates with unmodified histone H3 peptides and is prevented from binding by trimethylation at lysine 4 [84] . In a similar approach, the NURF subunit BPTF was identified to bind to H3K4me3-modified histone peptides via its plant homeo domain [85] . In 2007, the peptide pull-down approach was combined with SILAC-based quantitative proteomics in order to achieve a global view of proteins that can interact with H3K4me3-modified histone tails [86] . In 2010, this SILAC peptide pull-down approach was applied to all major lysine trimethylation marks in the histone H3 (K4, K9, K27 and K36) and in histone H4 (K20) tails [87] . Each of these experiments identified around 20-50 modification-interacting proteins, depending on the modified residue.
Chromatin templates
The use of isolated modified histone tail peptides does not take into account that histone modifications are embedded into the chromatin environment. Indeed, certain epigenetic readers might only recognize modifications in the structural context of nucleosomes or larger assemblies of nucleosomes. In chromatin, multivalent interactions may lead to a more selective recognition of precise nucleosomal modification signatures. In order to investigate the cross-talk between DNA and histone modifications within chromatin, a recent study used reconstituted modified nucleosomes as baits in SILAC nucleosome affinity purifications [88] . Post-translationally modified histones were generated using the native chemical ligation technique [89] , assembled into nucleosomes together with biotinylated DNA [90] and used in SILAC affinity purifications as described for peptides. By combining CpG-methylated DNA with modified histone H3, the study demonstrated that epigenetic readers can recognize and integrate combinations of epigenetic marks on a nucleosomal template. Furthermore, a recent study reported SILAC affinity purifications using modified nucleosome arrays [91] . Although there is overlap between the data sets obtained with peptide [87] , nucleosome [88] and chromatin purifications [91] there are also clear differences. Whether these discrepancies are due to experimental conditions or whether peptides, mono-nucleosomes and nucleosome arrays differ in their capacities to act as binding platforms for epigenetic reader proteins has to be addressed in future studies.
Oligonucleotide-based affinity purifications SILAC affinity purifications have also been applied to identify methyl CpG-binding proteins [88, 92] and transcription factors that recognize single-nucleotide polymorphisms [93] [94] [95] using immobilized DNA oligonucleotides that either included methylated CpG dinucleotides or single base pair exchanges as affinity baits. In addition, oligonucleotide-based SILAC pull-downs have been extended to incorporate RNAs as baits, a development that is of considerable interest for the epigenetics field as it is becoming increasingly apparent that non-coding RNAs play a major role in epigenetic processes [96] .
PROBING THE COMPOSITION OF MULTI-SUBUNIT CHROMATIN REGULATORY COMPLEXES
DNA and histone modification maps obtained from numerous genome-wide chromatin immunoprecipitations studies and the identification of histone codes by MS demonstrate that DNA and histone modifications form combinatorial modification patterns within chromatin. It has become apparent that functional chromatin elements such as promoters or enhancers are marked by characteristic modification signatures [8] . Epigenetic effectors must be able to recognize these signatures in order to extract epigenetic information from chromatin. Indeed, a striking number of chromatin regulators contain multiple modification recognition domains and many chromatin regulatory protein complexes contain multiple subunits that can potentially recognize different chromatin modifications [97] . Another aspect of the interpretation of epigenetic information, therefore, is the combinatorial composition of multi-subunit chromatin regulatory complexes that are functionally distinct and that can target their activities to specific chromatin locations depending on their precise subunit composition. Many chromatin-associated complexes have been purified by biochemical techniques or tandem affinity purification (TAP) approaches. The subunits of the purified complexes are usually identified by separating the proteins on a SDS-PAGE gel, 'in-gel' digestion of excised protein bands and subsequent analysis by MS. This approach has been successful in several high-throughput studies for the proteome-wide identification of protein complexes in yeast [98] [99] [100] [101] and has also been adapted for the identification of chromatin-associated protein complexes [102] using a modified chromatin immunoprecipitation (mChIP) protocol [103] . In 2012, the modular composition of human PRC1 complexes was interrogated by expressing TAP-tagged versions of PRC1 subunits and identifying associated proteins by MS. Six distinct PRC1 complexes were identified, each characterized by a unique PCGF subunit [104] . However, it should be noted that conventional biochemical and affinity purification approaches are prone to false-positive identification of interaction partners. One way to circumvent this problem is to combine affinity purifications of complex subunits with endogenous tagging methods and SILAC labeling techniques [12, 87] . The quantitative readout allows specifically interacting proteins to be distinguished from contaminants and also identifies low-affinity interactions that might not be apparent in conventional purifications. Subunit composition and dynamics in different cell types and developmental stages, however, still constitute challenges that need to be addressed in order to understand the functions of large chromatin regulatory complexes.
PROTEOMICS IN CANCER EPIGENETICS
It is becoming widely accepted that perturbations of epigenetic modifications play a pivotal role in the onset, progression and maintenance of cancer. In particular, global DNA hypomethylation and promoter-specific hypermethylation are typical features of cancer cells [105] . Moreover, disruptions in the epigenetic machinery-factors that deposit, remove or recognize modifications or that remodel chromatin-are hallmarks of many cancers [9, 11] . Apart from mutations, deletions or deregulated expression of chromatin regulators, a recurring theme is the aberrant creation of fusion genes through chromosomal translocations. Prominent examples are the fusions of the mixed lineage leukemia (MLL) H3K4-methyltransferase gene with various fusion partners which are found in many aggressive forms of leukemia [106] .
Next-generation sequencing applications are providing an increasingly detailed knowledge concerning aberrant DNA methylation in tumors which could be used as biomarker for specific types of cancers [107] . In comparison, the utilization of proteomic methods to measure characteristic changes in histone modifications, epigenetic readers or chromatin-associated factors at the protein level, which could potentially be used for cancer diagnosis and prognosis, is somewhat lagging behind. Recent improvements in the sensitivity and accuracy of mass-spectrometric technologies have driven some advances in the field and several groups have used MS-based proteomics for epigenetic cancer profiling by measuring deregulation of histone modifications in tumor cells. In 2005, the modification patterns of histone H4 in normal human tissues and cancer cells were examined by MS [108] and it was found that tumors show an early global loss of acetyl-H4K16 and trimethyl-H4K20. Moreover, evidence obtained by immunohistochemistry suggests that differences in global histone modification patterns in cancer tissues are predictive of clinical outcomes and associated with the risk of tumor recurrence (reviewed in [109] ). In 2011, SILAC-based proteomics was used to quantitatively measure H3 and H4 modifications in several breast cancer cell lines [110] . Significant changes in abundance were observed for several modifications in the N-terminal tails of histones H3 and H4. These results demonstrate that aberrations in global histone modification patterns do occur in cancer tissues. This suggests the existence of 'histone modification signatures' with potential use as histone-based prognostic or even diagnostic cancer biomarkers.
As epigenetic changes are not mutations in the DNA sequence, they are in principle reversible. Drugs that target chromatin regulators, therefore, hold great promise for 'epigenetic therapies' as a strategy for the treatment of cancer. Inhibitors of DNA methyltransferases and HDACs have already been approved for the treatment of certain cancers [6] and several companies are actively pursuing the development of new epigenetic drugs [111] . Current efforts focus on next-generation HDAC inhibitors and small-molecule inhibitors against histone methyltransferases and histone demethylases. A complementary approach to inhibiting the activities of chromatin modifying enzymes is the targeting of protein-protein interactions. Although targeting protein-protein interactions with small-molecule inhibitors has proven difficult, several recent studies have demonstrated the feasibility of targeting bromodomains in the bromo and extra terminal domain (BET) family of acetyl-lysine recognizing chromatin readers in order to prevent their binding to acetylated histones [112] [113] [114] [115] [116] . In one study, an immobilized BET inhibitor was used as bait in a proteomic affinity purification approach to identify the target of the inhibitor and its associated proteins [113] . It was demonstrated that MLL fusion partners are associated with the BET family of proteins and that BET inhibitors are effective against leukemia cell lines driven by these MLL fusions. In addition, BET inhibitors have shown promising results in preclinical leukemia cancer models in vivo demonstrating that targeting interactions is an effective approach for epigenetic cancer therapies.
CONCLUSIONS
Recent and significant advancements in proteomic methodologies have been instrumental in progressing chromatin biology and epigenetics research. We can now identify and quantitate thousands of proteins in complex protein mixtures and we are able to identify entire histone codes on individual histone tails. We have also started to identify readers of chromatin modifications in the context of nucleosomes and chromatin, and genomic manipulation techniques enable the large-scale characterization of protein-protein interactions by genome-wide endogenous tagging of proteins. Although this will potentially enable us to generate system-wide maps of interactions that occur within chromatin, a major challenge is still the identification of proteins at single genomic loci. Elegant approaches that in principle allow the targeted enrichment of a defined genomic region are PICh and ChAP-MS. PICh was successfully applied on telomeric sequences, of which there are 92 in a normal diploid cell and ChAP-MS has suffered from a high level of contaminating proteins so far. It remains to be seen whether these two approaches will be successful in the analysis of proteins at single genomic locations, possibly in combination with further innovations in MS and quantitative proteomics.
Another relatively unexplored area in chromatin biology, which might become increasingly important for cancer epigenetics, is the use of small-molecule inhibitors as baits for the affinity purification of chromatin modifying and demodifying enzymes and epigenetic readers. A seminal study in 1996 identified the first histone deacetylase HDAC1 by using immobilized naturally occurring microbial HDAC inhibitors [117] . The reported application of BET inhibitors as affinity baits to identify interaction partners of the bromodomain-containing BRD proteins using proteomic methods [113] demonstrates the value and applicability of this approach for epigenetics research. As major efforts in developing smallmolecule inhibitors against chromatin regulators have only been initiated recently, chemical proteomics holds great promise for understanding inhibitor specificities and to identify and characterize the functions of inhibitor target proteins.
Over the recent years, MS-based proteomics has contributed significantly to our understanding of fundamental epigenetic processes. A desirable application for this technology with respect to cancer epigenetics would be its development into a diagnostic and prognostic tool based on epigenetic biomarkers to indicate treatment options for different types of cancer. Notwithstanding, the anticipated technological advances combined with innovative experimental procedures will greatly improve our abilities to understand the mechanics of chromatin regulation. This knowledge will be indispensable for developing targeted epigenetic therapies for cancer and will ultimately lead to the realization of personalized medicine with improved treatments and less side effects in patients.
Key Points
Mass spectrometry can be used to identify and quantitate modifications on chromatin-related proteins. Proteomic tools allow the discovery of novel histone modifications and histone codes on histone tails. Quantitative proteomics enable large-scale identification of chromatin-bound proteins and epigenetic readers. Mass spectrometry-linked affinity purifications can be used to identify chromatin-regulatory protein complexes.
